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(57) Abstract: A method and system for detecting an image of an object, particulariy a soft tissue material. A generated x-ray beam 
is transmitted through the soft tissue material. A transmitted beam is directed at an angle of incidence upon a crystal analyzen An 
image of the object is detected from a beam diffracted from the crystal analyzer either at or near a peak of a rocking curve of the 
crystal analyzer The method and system of this imrention is particulariy useful for analyzing images of cartilage. 
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DIFFRACTION ENHANCED X^RAY 
IMAGING OF ARTICULAR CARTILAGE 

BACKGROUND OF THE INVENTION 

Field of the Xavention 

Tlus invention relates to a contrast mechanism referred to as ejctinction 
contrast which can be used for a variety of x-ray imaging applications. The method and 
system of this invention relates to an x-ray imaging modality that uses an analyzer crystal 
after the object The imaging contrast of this invention is^ based on attenuation and 
refraction. 

Description of Related Art 
One type of diffraction enhanced imaging (DEI) is described in Chapman 
et al, United States Pateat 5,987,095. 

Articular cartilage covers the ends of bones in synovial joints and provides 
elasticity, distribution of load, resistance to compressive forces, smooth articulation and 
cushioning of the subchondral bone during joint movements. Tissue is composed of 
collagen, primarily type II collagen, entmpping compressed proteoglycan aggregates. 

The degeneration of articular cartilage is a component of pathological 
processes that result in the destmction of the tissue and leads to the deformation of the 
entire joint This serious condition, known as osteoarthritis, includes a number of related, 
overlappiQg osteoarthritic disorders that are among the leading causes of immobilization 
within our society and affects probably 85% of elderly people. Use-related joint pain is 
one of the first signs of disease; however, pain is not always an early warning sign. By 
the time pain becomes a symptom, successful conservative treatments that could lead to 
regeneration of the tissue are too late. Presently, several operative methods, including 
total joint replacement, exist for some but not all the joints. Conventional procedures for 
repairing of transplanting articular cartilage do not restore a normal articular surface. 

Techniques have been applied to access the health or disease of articular 
cartilage based on x-ray, ultrasound or nuclear nciagnetic resonance. Among tiiese 
techniques, conventional radiography has the highest resolution and is the first and most 

1 
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frequently used imaging method to detect joint abnoimalities. Conventional radiographs 
allow the evaluation of articular cartilage only indirectly through the measurement of the 
height of the joint space, the distance between the corresponding bone sur&ces within a 
joint Consequently, conventional radiography is sensitive only in cases of advanced 
disease. Focal cartilage defects or structural abnormalities in early stages of the 
degenerative process are generally not visible in radiographs. 

Conventional x-ray radiography relies on x-ray absorption differences 
between regions of the object to provide image contrast Cartilage tissue has little x-ray 
absorption contrast because the x-ray absorption is similar to soft tissue and synovial 
fluid. Therefore cartilage caimot be easily seen in conventional radiograph, Dif&action 
Enhanced Imaging (DEI) is a x-ray radiographic technique that derives contrast from x- 
ray refraction and scatter rejection (extinction) in addition to the absorption of 
conventional radiography. These two new contrast sources can in some cases allow 
visualization of features that are not possible using conventional methods. Certain of DEI 
are described in United States Patent 5,987,095, the entire disclosure of which is 
incorporated into the specification by reference. The method of this invention uses highly 
coUimated x-rays prepared by x-ray diffraction from perfect single-crystal silicon. These 
coUimated x-rays are of single x-ray energy, practically monochromatic, and are used as 
the beam to image an object A schematic of the DEI setup used at the synchrotron is 
shown in Fig. 1. ii flus case, flbe colUmated x-rays are prepared by the two crystal sets 
identified as the Si (3,3,3) monochromator. Once this beam passes through the object, 
another crystal of the same orientation and using the same reflection is introduced. This 
crystal is called the analyzer. If tiiiis crystal is rotated about an axis perpendicular to the 
plane shown in Fig. 1, Hie crystal will rotate throu^ the Bmgg condition for diflftaction 
and the difiBcacted intensity will trace out a profile that is called the rockmg curve. The 
profile will be roughly triangular and will have peak intensity close to that of the beam 
intensity striking the analyzer crystal. The width of the profile is typically a few 
microradians wide (3.6 microradians within a fiill width of half maximum (FWHM) at 
18keV using flie Si (3,3,3) reflection). The chamcter of the images obtained change 
depending on the setting of the analyzer crystal To extract refraction information, the 
analyzer is typically set to the half intensity points on the low and high angle sides of the 
rocking curve. For optimal scatter rejection sensitivity, the analyzer is typically set to the 
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peak of the rocking curve. To image the rejected scatter, the analyzer is set in the wings 
of the rockmg curve. 

The DEL method and system of this invention have been applied to image 
human articular cartilage firom the distal part (talas) of the ankle (talocrural) joint that are 
eight maCTOScopically nonnal or display damages typical of early degenerative stages. A 
human ankle joint indicating die position of the talus within a foot skeleton is shown in 
Fig. 2. 

The tali were obtained within 24 hours of death through the Regional 
Organ Bank of Illinois with institutional approval. None of tiie 12 donors used in this 
study has a known history of osteoarthritic disease. All tali were fixed in 4% 
paraformaldehyde. For the nonnal ankles (n=4), the ages were 34 to 54 years, and for the 
damaged ankles (n=8) that ages were 51 to 66 years. All experiments were performed at 
the XI 5 A beamline at the National Synchrotron Light Source, Brookhaven National 
Laboratoiy, Upton, New York. The tali were x-rayed in a posterior to anterior direction. 

Examples of a nonnal and several damaged tali with corresponding DEI 
according to this mvention are shown in Figs. 3, 4 and 5. The cartilage tissue is clearly 
detected and distinguished &om bone. These images were acquired at an 18 keV x-ray 
photon energy. The stmcture of cartilage on the nonnal talus looks homogeneous, with 
an average height of 1 .5 mm and moderate density ( Fig. 4 and Fig. 6 at 18 keV and Fig. 
10 at 30 keV). This pattern changes in damaged cartilage, the tissue is no longer 
homogeneous but shows patterns that suggest structural alterations (Figs. 7, 8, 9 at 18 
keV and Figs. 11, 12, 13 at 30 keV) and that correspond with tiie sites of macroscopic 
damage ( compare with photographs in Figs. 15, 16, 17 ). 

At higher magnification of certain areas, distinct structural alterations are 
visible. Of special interest are the thin white lines on a dark background (arrows shown 
in Figs. 11-17). It is possible that the white Imes represent certain structural changes 
which give rise to specific refiraction patterns, extinction effects and/or absorption 
contrasts detected by the DEI imaging system according to this invention, which would 
most likely develop at the edges of cartilage fibrillations, fissures or defects. However, 
condensed collagen fibrils may also cause such effects. The contrast may further be 
enhanced because the normally entrapped large proteoglycans are lost due to ihe damage 
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of the collagen netwoik and therefore the absorption of the x-tay beam is different in ^ 
area. 

An example of how flie character of a subject image changes depending on 
the setting of flie analyzer crystal can be seen in Fig. 18. This is a rockmg curve with the 
5 corresponding images of the talar dome at various analyzer crystal angles and at the 30 

keV energy level. Note the change in appearance of the contrast heterogeneities 
observed in the images throughout the rocking curve, hi the subsequent data sets, 
images were obtained from at or near the top of the rocking curve (unless specified 
otherwise) and at either 18 keV or 30 keV, as specified. 

10 As used in the claims and throughout this specification the phrase ''at or 

near the peak of the rocking curve angle'* is intended to relate to at 18 keV using the 
silicon (3, 3, 3) reflection withm ± about 1.0 to about L8 microradians of the angle of 
the crystal analyzer. Changing the energy level or changing the reflection will alter the 
range of microradians of the angle of the crystal analyzer, as would be apparent to a 

IS person skilled in the art of difGcaction physics of crystals. 

The diffiaction enhanced (DE) image of a portion of an osteoarthritic knee 
removed m the coiu:se of total knee replacement is shown in Fig. 19. At this stage, only 
small areas of the joint sur&ce are still covered with an mtensely modified cartilage. 
Specifically, the DE unage (Fig. 19) depicts a small 3 cm wide segment of such residual 

20 cartilage on top of the femoral bone. Major horizontal heterogeneities in contrast are 

visible. Fiuifaer analysis is required to determine the nature of these contrasts as 
condensed/collapsed collagen fiber netwoiks or perhaps a reflection of another unknown 
molecular feature within the tissue. The regular radiographic image of the same area 
does not show the cartilage or these features (Fig. 20). 

25 Preliminarily, the contrast heterogeneity features observed below the 

cartilage surface in the DE images in some of tiie specimens have been histologically 
validated. Fig. 21 shows a section of talar dome as it is grossly observed (Fig. 21) and in 
its DE image at 18 keV (Fig. 22) and at 30 keV (Fig. 23). A normal-looking region of 
the specimen as depicted in square niunber 1 can be seen in its Safiranin O/fast green 

30 histological preparation in Fig. 24. Under polarized light, the same specimen displays a 

normal pattern of birefidng^ce in the superficial and deep zones (Fig. 25). A region of 
the talar dome displaying a "bubbled" region of cartilage ("chondrophyte") in which 
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contrast heterogeneities (dark spots) can be seen is dq>icted in square ntimber 2. Fig. 26 
is the Safiranin 0/&st gceen histological prq)aiation of the chondrophyte region. Ihe 
dark spot observed in the DE image in square number 2 appears, histologically, to be a 
vacuolated space (e.g. blister) in the cartibge surrounded by cartilage in a state of 
5 degeneration/remodeling. The polarized microscopic section of the same region (Fig. 

27) shows that the collagen fibers surrounding the *Vacuolation" have lost their normal 
birefringent pattern and thus display disorganization. It is apparent that the DE images 
reflect the general status of cartilage normality or degeneration in these specimens. 

Although DEI is in its infency in tenns of development, an . assessment of 

10 the potential of DEI for practical apphcability in intact joints is warranted at this time. 

The DE images of the intact knee joint with all of its surrounding soft tissues, except 
skin, can be seen in Fig. 28 and 29. Fig. 28 was taken at or near the top of the rocking 
curve and Fig. 29 was taken at -3.6 microradians. These are an image of the medial 
femoral and tibial condyles with their associated articular hyaline cartilage and 

15 fibrocartilaginous menisci. The arrows point to the boundaries of the articular hyaline 

cartilage sur&ces. Botii the articular cartilage and menisci can be delineated even 
through the surrounding tissues. 

It is possible to image animal articular cartilage with DEI. Fig. 30 shows 
cartilage and bone of the femoral condyle of a New Zealand white rabbit Fig. 31 is a 

20 DE image of the intact knee joint showing joint tissues including the articular cartilage 

of the femoral condyles. This is quite remarkable considering Hhat the cartilage is only 
approximately 110 ^ fliick. It is also noteworthy that the articular cartilage can be seen 
even through the surrounding soft tissues, including skin and hah:. Fig. 32 shows the DE 
image of a disarticulated femur taken firom a rabbit knee joint that had been injected with 

25 the cartilage matrix damaging enzyme, chymopapain, three weeks prior to the animal 

sacrifice. Small areas of^ what appears to be, damage (in the form of 
refiraction/extinction features) correspond to damage on the right femoral condyle as 
depicted histologically (see the arrow in Fig. 32). 

AppUcation of the DEI method and system of tiiis invention, particularly as 

30 it applies shows improved contrast of specific structures within the human breast tissue in 

a clinical setup. The DEI method and system of this invention can extend skeletal 
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radiology, in addition to its use for imaging of cartilage. X-rays are ideal to evaluate 
changes in the subchondral bone which are a major component of osteoardiritic disorders. 

SUMMARY OF THE INVENTION 
Standard radiographic evaluation of osteoartfaritic disorders involves 
5 detecting the narrowing that occurs in a joint space as a joint cartilage is destroyed during 

a disease process only because that cartilage tissue is invisible in x-ray imaging. A high 
resolution image of human articular cartilage from the talar dome of an ankle joint, for 
example, can now be obtained using Difi&action Enhanced Imaging (DEI), an x-ray 
radiographic technique that has contrast from x-ray refraction, scatter rejection and 

10 absorption. Defects, structural abnormalities, and loss of articular cartilage can be 

detected in the tissue using the DEI method and system according to this invention. DEI 
can provide information about an internal structure of cartilage before other visual 
evidence of disease has evolved. 

The DEI method and system of this invention can be used to explore the 

15 application of high intensity and inherent vertical collimation of synchrotron radiation to 

the creation of a monoenergetic line scan system for radiography of thick absorbing 
objects. A x-ray analyzer crystal can be used as a scatter rejection optic to difiGract a beam 
that is transmitted through an imaged object. With this scatter rejection optic die system 
of this invention may be sensitive to refractive index effects within the imaged object and 

20 the x-ray absorption and scattOTng by the object The setting of the analyzer at or near the 

top of the rocking curve, places the analyzer at a setting diat rejects those rays that are 
scattered or refracted. The result is to develop image contrast from tiie stmctures that 
create this effect. Cartilage is a tissue of fliis type of structure. 

Images taken with an analyzer and normal radiographs of objects show 

25 that the rejection of scatter can be a major source of contrast with the DEI imaging 

geometry. With the DEI imaging mefliod and system of this invention, additional 
contrast can be many times the normal absorption contrast of an object To account for 
additional source of image contrast in DEI images, the term apparent absorption is used 
and relates to the combined absorption and extinction processes. Extinction relates to 

30 the loss of intensity due to scattering that occurs as the beam traverses the object and this 

type of extinction is commonly identified as secondary extinction. Use of the term 
extinction in this invention is slightly different from use in optics where the term 
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extinction includes absoiption and scattering power loss. The power loss fiom the direct 
beam due to scattering is referred to as extmctiorL 

Sources of the enhanced image contrast explain why increased contrast is a 
result of extinction efifects, which provides opportunity for imaging based on these 
properties. Because the contrast of an image based on extinction can be much higher than 
contrast based on x-ray attenuation, it is possible to detect smaller inhomogeneities, such 
as tumors in medical images or micro-ftactures in industrial parts. 

Monochromator and analyzer system capabilities to resolve refiraction 
effects depend on the imaging energy as l/energy. The scattrang properties of various 
elements are energy dependent as 1/energy^ which will allow optimization of imaging 
system energy to maximize contrast due to extinction while maintaining refraction 
contrast. Thus, the modality may be optimally applied at higher x-ray energies, which 
provides better penetration in non-destructive testing and/or lower doses in medical 
imaging. 

It is known to apply dif&active optics to imaging problems for observing 
refraction and ultra-small angle scattermg contrast effects. The results quantify the role 
of ultra-small angle scattering and tiie scatter rejection in the DEI method and system of 
this invention. Also, imaging experiments based on imaging the scatter from objects, for 
example scatter imaging references, are known. This known technique relies on imaging 
a direct beam that is mostly devoid of scatter and is complemmtary to scatter unaging. 
There is an interest in phase contrast imaging that uses higji transverse coherence of 
smaU source points, such as tiiat of third-generation synchrotron sources. Phase contrast 
images are limited to either tiiin objects or high x-ray imaging energies. The DEI 
metiiod and system of this invention is similar to phase contrast imaging due to 
sensitivity to refraction. However, the additional benefit of the analyzer crystal in this 
invention allows refraction determination in highly absorbing objects and produces 
additional contrast due to its scatter rejection capabilities. 

With the DEI imaging according to fliis invention, it is possible to 
visualize articular cartilage using the new x-ray modality, referred to as DEL Moreover, 
the combination of the high spatial resolution that can be achieved with x-rays, and the 
independent detection of refraction patterns, scatter rejection and x-ray absorption make 
the method of the invention capable of detecting not only articular cartilage and gross 
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cartilage defects but also structural abnormalities within the tissue. With the DEI imaging 
of Ais invention^ it is possible to detect cartilage degeneration even in early stages^ such 
as before any clinical evidence of disease evolves. The DEI imaging of this invention can 
be used as a part of a new x-ray generation in research as well as in clinical radiology, 
especially in skeletal x-ray, and in other areas where soft tissue contrast needs to be 
enhanced. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic representation of a DEI system, according to one 
preferred embodiment of this invention, wherein the synchrotron beam is incident from 
the left and the energy is selected by the Si (3,3,3) monochromator. This beam is passed 
through tile object and is analyzed by a matchmg Si (3,3,3) crystal after the object The 
diffracted beam is detected as an image on a stimulable phosphor plate (image plate). 
The beam from flie synchrotron is a &n beam that extends mto and out of the plane of 
the paper. To create the planar image of the object the object and flie detector are 
scanned perpendicular to tiie beams as shown with the arrows. 

Fig. 2 is an image of a medial aspect of (he ankle joint from a left foot of a 
human skeleton. This joint is formed by the tibia and fibula articulating with the talus 
(see arrow) to form the talocrural (ankle) joint 

Fig. 3 is a photograph that shows an image of a superior surfrice of the 
talus. The arrow indicates the orientation of the talus in relation to Figs. 4 and 5. 

Fig. 4 is a DEI image at 30 keV, acquired according to the method and 
system of this invention, with the x-ray beam parallel to the articular sur&ce from 
posterior to anterior. The fine arrows indicate the bone/cartilage interface, with the 
cartilage (approx. 1.5 mm in height) as the less bright layer. The large arrow indicates 
the orientation of the DEI image relative to the macroscopic image in Fig. 3. The actual 
resolution of the DEI image is approximately 100 ]m, the image is approximately three- 
fold magnified as compared to flie proportions of the talus. 

Fig, 5 is a radiograph of the talus shown in Figs. 3 and 4. 

Figs. 6-17 each shows a section of DEI from the talar dome of the ankle 
joint DEI of normal and damaged articular cartilage from the talus of a human ankle is 
shown at 30 keV (top row) and 18 keV (middle row) wifli the correspondmg 
macroscopic pictures (bottom row). The DEI cartilage tissue image of the intact talus 
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(Fig. 6 and Fig. 10) shows a homogenous and moderately dense stmctmre. &l die 
damaged tali (Figs. 7, 8 and 9, and Figs. 11, 12 and 13) die degenerative sites (arrows) 
are clearly detected by distinctive structural inhomogeneities widnn the cartilage. In 
order to better visuaUze the damage in flie photographs (Figs. 14, 15, 16 and 17), die 
5 samples have been slightly rotated compared to die positioning for the DEL The arrows 

indicate particular sites of lesions. 

Fig. 18 shows DEI images of articular cartilage taken along different 
points of the rocking curve. An illustration showing the alterations in structural 
information from articular cartilage as the analyzer setting is taken through the rocking 

10 curve at 30 keV. The locations or points at which the images are taken are indicated on 

the rocking curve. Appearance of inhomogeneities within the cartilage tissue change at 
various points in the rocking curve. 

Fig. 19 shows a DE image of a part of an osteoartfaritic knee. A resected 
segment fix)m a femural condyle of a 67-year old patient who underwent total knee joint 

15 replacement due to endstage osteoarthritis is shown by 1 8 keV-DEI. In DEI, the residual 

cartilage is clearly visible and displays major structural reorganization of the 
extracellular matrix, as compared to the healthy cartilage shown in Figs. 4, 5, 6 and 10. 

Fig. 20 shows a conv^onal radiogr^h from the same area shown in Fig. 
19 which does not show the structural features within the cartilage tissue. 

20 Figs. 21-27 show cartilage of a talus demonstrating a degenerative site, 

wherein: 

Fig. 21 shows a photograph of the margin of a talar dome and the arrow 
pomts to a lesion or "chondrophyte"; 

Fig. 22 is a DE image of die lesion site at 18 keV; 
25 Fig. 23 is a DE image of the lesioii site at 30 keV, wherein the arrows in 

both Figs. 22 and 23 point to the caitilage/bone interface which appears to be interrupted 
at the far right in the 30 keV image shown in Fig. 23; 

Fig. 24 is an image of a Safranin O stained section taken from a normal 
looking region; 

30 Fig. 25 is an image of a Picrosirius red stained histological section under 

polarizing light showing the normal birefringent pattern in the superficial and deep zones 

(*); 
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Fig. 26 is an image of a Safianin O staining of a histolo^cal section taken 
fix>ni square number 2, which is of interest because the lessened degree of contrast 
observed at the right comer of ttie hnage taken at 18keV (in Fig. 22) corresponds to 
regions of proteoglycan depletion seen histologically; and 

Fig. 27 is an image of a Picrosirius red stained section under polarizing 
ligjit of the area in sqiiare number 2, wherein the apparent space in flie center and the 
lack of normal birefringence in the surrounding area indicate a disorientation of collagen 
fibers (all histological sections are magnified 2x). 

Figs. 28 and 29 show DE images of the medial condyle of an intact knee 
joint, the images taken with all surrounding soft tissue, except the skin, in place, and the 
articular hyaline cartilage (at arrows) and fibroelastic menisci are visible even through 
the surrounding connective tissues, wherein: 

Fig. 28 is a DE image taken at the top of the rocking curve; and 

Fig. 29 is a DE image taken at -3.6 microradians firom the top of the 
rocking curve. 

Fig. 30 is a DE image of a disarticulated joint of a New Zealand white 
rabbit taken at 18 keV. 

Fig. 31 is a DE image of an intact joint of a New Zealand white rabbit 
takenatlSkeV. 

Fig. 32 is a DE image at 18 keV of a disarticulated femur taken &om a 
rabbit knee joint tiiat had been injected with the cartilage matrix damaging enzyme, 
chymopapain, three weeks prior to the aiumal sacrifice, showing small areas o^ what 
appears to be, damage as indicated by the arrow. 

Figs. 33-35 each is an image taken at 18 keV of the American College of 
Radiology manmiography test object showing the tumor simulations with 1.00 mm, 0.75 
mm, 0.59 mm and 0.25 mm thickness, wherein: 

Fig. 33 is a DE image taken at the top of the rocking curve; 

Fig. 34 is a conventional radiograph of the simulated tumors; and 

Fig. 35 is a DE image taken at -3,6 microradians firom the top of the 
rocking curve. 

Figs. 36 and 37 show an example extinction fiom ACR tumor simulations 
at 18 keV, wherein: 
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Fig. 36 is a DB image at top of tocking curve showing location wheie 
fixed x-ray beam strikes the tumor simulations (similar to Fig. 33); and 

Fig. 37 is a rocking curve showing position along ACR where tumor 
simulations are located, the angular axis for the rocking curve and intensity, showing 
regions where the tumor simulations are located at the top of the rockmg curve at which 
the intensity is depressed and showing the intensity in the wings (away from the peak) at 
which the intensity is increased. 

Fig. 38 is a schematic diagram of extinction object comprised of 0.1 mm 
diameter nylon fibers of various layer thickness: 0, 1 , 2, 4, 6 and 8 layers. 

Fig. 39 is a rocking curve obtained at 18 keV in the region of the 
extinction object where there are no fiber layers (a reference rocking curve). 

Fig, 40 is a rocking curve obtained at 18 keV in the region of the 
extinction object where there are 8 fiber layers. 

Fig. 41 shows composite rocking curves obtained at. 18 keV for 0, 1, 2, 4, 
6, and 8 nylon fiber layers. Note the drop in intensity at the peak location and the peak 
broadening as the fiber layer increases. 

Fig. 42 shows a Gaussian fit to the fiber layer data shown m Fig. 41, 
wherein the data are fit using the model of Equation 9 witii parameters given in the text 
and the average thickness of the fiber layers shown. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
In radiography, intensity transmitted through an object is an important 
factor. An analyzer crystal in an imaging system will reject scatter produced in the 
object and will mtroduce sensitivity to refiraction. These effects can be quantified and 
compared with the results using direct measurements with an analyzer and with normal 
radiographs of objects. For this analysis, an incoherently scattered (Compton) and wide- 
angle coherent scattering (sm0A>lO'W'^) is ignored. In addition, complications 
associated with refraction are ignored to emphasize the extinction aspects. Thus, 
equations developed according to this invention apply to systems with normal 
absorption, refraction and ultra-small angle scattering. 



11 



wo 01/79823 



PCT/USOl/12414 



As a beam prepared by a perfect crystal monochromator traverses a 
uniform object with absorption and ultra-small angle scattering and is subsequently 
analyzed by a perfect crystal, a photon count rate (photons/sec) observed in a detector 
pixel, fij,^ {O^ ) , can be represented by the equation: 

noA^AhnM-^^M Equation 1 

where n^idx) represents a photon count rate detected fiom a direct or unscattered beam 
and ns{0^) represents a detected photon count rate fiom scatter arriving into a same pixel 
A direct component can be found by assuming tiiat the beiam striking the object suffers 
intensity losses fiom absorption and scattering according to the equation: 
drir, = (- P^^ - IoM(TsPsdt)R{e^) Equation 2 

where Iq is an intensity (photons/area/sec) striking the dt thickness increment of material 
that will arrive at a pixel in the detector of area Ai4, is a change in x-ray count rate 
that will strike the detector pixel in traversing the dt Sickness increment, is the total 

mass absorption coefficient which includes coherent aud incoherent scattering (isolated 
atom values), p is the mass density, cr^ is the total cross-section for scattering due to the 
presence of organized structures, and is a density of scatters per unit volume. R{9ji) 
represents a rocking curve of the analyzer crystal in die beam prepared by a 
monochromator with 0^ mdicatmg a setting of the analyzer crystal relative to a peak 
position when fully tuned with the monochromator. Equation 2 when iategrated in 
thickness through the object, /q, leads to the equation: 

= io^e-^''^c"^^»if(^^) Equation 3 

where Zs = ^sPs which is referred to as an extinction coefficient and th^^jP ^ ^ 

total attenuation coefficient Equation 3 applies only for a part of the beam that tmverses 
the object without being scattered and assumes that none of the scatter created by the 
beam tiaversing the object is present in the detected beam. In reality, no detector can 
reject the entire scatter component and will accept some portion of the scatter. The 
incremental scattered beam intercepted by the detector pixel is represented by tiie 
equation: 



12 



• 



wo 01/79823 PCT/USOl/12414 



Ps ff^*(^xV" e'^^'^^'^dt Equation4 



where ^ is a diffeiential scattering coefficient for x-rays in a near forward direction* 
The solid angle integral over tiiis scatter distribution is taken over a solid angle of a 
detector pixel as seen from a scatters. I^if) from Equation 2 describes the incident 

intensity arriving at the scattering region at depth t, and e"^^*^'^^ is an attenuation of 
scatter in a remainder of its path befoie emerging fiom the object and striking the 
detector. The quantity l^^^i^A^^ describes an amount of scatter acc^ted by the 

detector pixel as altered by a presence and settmg of the analyzer crystal and is referred to 
as xfsi^A)' Integrated through the object thickness, assuming the scattered beams travel 
the same path as the direct beam leads to the equation: 

nsiQ =/o(0)A/(^2^[l-c-''"*]e-^'^' Equation 5 

Xs 

Equation 5 represents the scatter accepted by the detector in addition to the 
direct transmitted beam £:om Equation 2. The amount accepted relates to the ratio 

^^^^ which is detennmed by the detector and scatter rejection geometry imposed by 

Xs 



the analyzer. The total count rate seen by the detector is governed by the equation: 

noEiifo) = /o(0)A^|^^^'''^fei)+ ^^^[l - ^"^''^ ] '^'^^ Equation 6 

I Xs } 

If the scattering distribution is small in relation to acceptance of the 

r*{9 ) 

detector, then the ratio approaches the value of the rocking curve at the analyzer 

Xs 

setting or /{(d^) and ttie measured intensity will be the same as for normal 
absorption. 

For the method and system of this invention, a Gaussian scatter 
distribution can be used For small angle scattering, the scattered intensity distribution 
can be described by a Guinier equation. This form will be assumed to arrive at a simple 
closed solution, although it may not accurately describe an ultra-small scattering from 
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the object Expressed as a cross-section or probability of scattmng x-iays ^ a deviation 
angle, ^ , &om fbe diiect beam is the equation: 

dtr 1 

^s-^^—Xs^"^ Equation? 

I 

where 0)^ is an angular width of the distribution related to a radius of gyration of the 
particle size distribution. When integrated over all scattering angles ^ , the result is the 
total extinction coefficient Zs • analyzer crystal in place the amount of scatter 

that can reach the detector is severely limited by acceptance of the analyzer crystal in &e 
diffraction plane of the analyzer. The acceptance in flie plane perpendicular to the 
diffraction plane is not significantly restricted in the diffraction from the analyzer. Only a 
single scatter direction is considered because with DE[ the scatter is accepted in a 
direction parallel to the analyzer planes and rejected in a relative perpendicular direction. 
The scatter accepted by the detector is the integral of this function over the acceptance 
angle of the detector, which in this case is the reflectivity width of the analyzer crystal, 

Integrating this relation in Equation 4, produces the equation: 

^^^^ s -p^e^' Equation 8 

Xs ^^^5 

where it is assumed that a width of the scattering distribution is larger than a rocking 
ciuve width, i.e. co^ » 6)^, and thus the equation: 



0j 



Equation 9 



where R(Oj^ is the convoluted reflectivity of the monochromator with the analyzer 
crystal, hi one preferred embodiment of this invention, the monochromator and the 
analyzer system are in a parallel crystal geometry to avoid dispersion widening of the 
rocking curve. This equation has two parts. The first part has a width of the rocking 
curve of the monochromator and the analyzer system, remnants of the original direct 
beam. The second part has a width determined by an ultra-small angle scattering 
distribution convoluted witii the monochromator and the analyzer system* As the size of 
the extinction coefficient and thickness of the ultra*small angle scatterer is increased, the 
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direct beam is converted into ultra-sxnall angle scattering* In the case of Xgt » 1 this 
conversion is nearly complete and the direct beam appears lost and only ultra-small angle 
scattering will remain. 

One property of interest is to sum an intensity passed by the analyzer as the 
analyzer is rocked through the above distribution, integrated intensity. Integrating 
Equation 8 over leads to die integrated reflecting power and the equation: 

R = [e'^'^'coo +(l-c"^'^«)»^^*'^^'» = Equation 10 

In the absence of the object, an integrated reflecting power is ao* Equation 
10 shows that the scattered intensity arising fiom the object is not lost but just scattered 
away in angle and recov^ed by integrating over the entire profile. In one embodiment of 
this invention, if the distribution of ftie scattering is small in comparison to the angular 
acceptance of &e detector pixel, ifaen there is only normal absorption. When the ultra- 
small angle scattering is rejected, for example when the analyzer crystal is added, then an 
additional contrast is obtained. 

The image contrast arises firom comparisons of intensities between two 
regions of an image. Equation 9 is used to interpret contrast arising from a scattering 
and absorbing object. 

Example 

Experiments using the method and the system of this invention were 
performed at the National Synchrotron Light Source 15A Imaging PRT Beamline, at 
Brookhaven National Laboratory, Upton, New York. Preliminary results have rendered 
an interpretation of refraction and a qualitative description of extinction. One 
experimental setup is shown in Fig. 1. A white synchrotron beam was made nearly 
monochromatic by a silicon double-crystal monochromator. One usable energy range of 
this system, as used, was 15 keV -40 keV. For the measurements described here the 
beam energy was 18 keV wifli a bandwidth of 1.5 eV, but could also be 16 keV to 
lOOkeV with a bandwidth of 1.5 eV and 2.6 eV, respectively. An in-hutch 
monochromator was used to monochromate the beam to provide the imaging beam. The 
monochromator had silicon (3,3,3)-lattic6 planes. The type of lattice planes can be 
selected to determine the refraction and scatter rgection s^itivity. All of &e crystals in 
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flie system were in &e parallel geometzy to avoid dispersive effects and to optimize 
refraction and scatto rejection sensitivity. The imaging beam was approximately 8Smm 
wide and 1 mm high. The beam entering the experimental enclosure passed through a 
gas ionization chamber. A rotary shutter was used to control tiie exposure and limit 
mmecessary scatter at the detector position. A second ion chamber was used to measure 
the radiation dose at the surface of an object Images taken with and without the analyzer 
were at dose levels comparable to conventional mammography x-ray systems. The 
object to be imaged was mounted on a scanning stage that was driven by a stepping 
motor. The x«ray beam transmitted through the object could be imaged eidier directly as 
in normal radiography or following diffraction in the vertical plane by a silicon Bragg 
analyzer. 

The detector used in the experiment was a photo-stimulable phosphor 
image plate, typically used for radiology, for example a high resolution HR5 and 
standard resolution STS image plates, such as available through Fuji Medical Systems. 
The image recorded on the plate was digitized, stored and displayed by a Fuji BAS2000 
reader and workstation. The spatial resolution of the images was 0.1 x 0.1 mm^. The 
dif&action angle of the analyzer crystal was finely tmied using a stepper-motor driven 
translation stage pushing on a long bar attached to an axle to which the crystal was 
attached, a tangent arm. The resolution limit of the tangent arm was 0.1 microradian and 
was sufficient for placing flie Bragg analyzer crystal at a selected position on its rocking 
curve. 

Because the uiitial interest was in studying the use of synchrotron imaging 
for early detection of breast cancers, a manunography phantom was used as the test object 
to be mdiographed. The standard phantom used for quality control in mammography is 
the American College of Radiology (ACR) phantom manufactured by Gammex RMI: 
Model 156. The standard phantom contains features that simulate lesions commonly 
found in breast tissue, namely tumor-like masses (lens-shaped objects of different 
thicknesses and diameters), simulated micro-calcifications arranged as vertices of five- 
point stars and cylindrical nylon fibrils. Initially, the simulated tumor masses exhibited a 
much higher contrast (about 27 times) compared to conventional radiographs. The 
features are fixed in a wax block contained in a thick acrylic base. The standard phantom 
approximates a 40 to 45 nun thick compressed breast Since the x-ray beam was a &n in 
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fhe horizontal plane (x-y plane)^ fhe object and fhe image plate were simultaneously 
translated in the vertical direction (z-direction). Scanning was accomplished by a 
computer controlled stepper motor translation stage that held both flie phantom support 
and a mount for the image plate cassette. 

To establish that ultra-small angle scattering had occurred, rocking curves 
of line regions of the ACR phantom were obtained Jn this measurement, the object was 
positioned in the beam and remained fixed in relation to the beam while fhe analyzer 
crystal was rocked in angle. During a scan of ttie analyzer angle, the image plate detector 
was scanned in unison to obtain an image of the rocking curve of the object. 

Analysis of Experiment 

Contrast is defined as a fi:actional change in intensity, A///, observed by 
comparing one region of an image to an adjacent region for background value. Extinction 
played a major role in the contrast of DEI images obtained according to the method and 
the system of this invention because of a direct comparison of the non-analyzer or normal 
radiographs with the images acquired with the analyzer. A comparison of images taken 
with and without fhe analyzer is shown in Figs. 33-35. This is a region of an image of fhe 
ACR phantom that centers along the line of tumor simulations. These are spherical caps 
of Bakelite [Gammex RMI reference] of 1.00, 0.75, 0.50, and 0.25 mm thickness. Fig. 34 
is acquired with the analyzer crystal removed and is the normal radiograph of these 
objects. Figs. 33 and 35 are acquired with the analyzer. This image is taken with the 
analyzer at the peak of reflectivity. The measured contrast was foimd to be -1 .5% for the 
normal radiograph of the thickest 1 .00 mm tumor simulation shown in the drawings. The 
same simulation with the analyzer gives a -40% contrast 

As fhe analyzer rocking angle is altered from the peak position the contrast 
is reduced and will pass through zero and the contrast will reverse, resulting firom fhe 
scatter in the rocking curve wings of fhe tumor simulation exceeding the background 
value. This is illustrated in Fig. 35 which shows an image obtained at 72 microradians 
of the same region of the ACR as shown in Figs. 33 and 34. The detailed dependence of 
the intensity obtained as the analyzer angle is varied is shown in Figs. 36 and 37. The 
beam is located at a fixed location across fhe ACR tumor simulations as indicated in Fig. 
36. Fig. 37 shows fhe intensity recorded as the analyzer is rotated in angle about the 
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rockmg curve peak. The analyzer was rocked in an^^e about the peak position and the 
intensity recorded at each setting on an image plate. The locations of each of the four 
tumor simulations were matked for lefeience. At or near the analyzer peak ttiere was a 
decrease in intensity relative to the background (negative contrast). As the analyzer was 
rocked away in angle the . intensity approached the surrounding value (contrast 
approximately zero) in the range of ±2 microradians ofi&et As the o£&et angle was 
further increased the contrast reversed due to the scattered x-rays contributing more 
intensity m the tumor simulation locations compared to the background (positive 
contrast). This indicated that the objects create ultra-small angle scatter and e3q)lains 
why the normal radiograph of these objects shows little contrast. The angular range fells 
to background values in approximately a ± 15 microradians. This range of deviation 
angles is too small to be rejected by normal anti-scatter techniques such as anti-scatter 
grids that can typically reject down to 0. 1 degree (2 milliradians). 

The ACR phantom represents a case of relatively weak extinction in which 
some of the direct beam is retained. As the amount of ^ctinction is increased, the amount 
of surviving direct beam is reduced and eventually is reduced below the level of 
scattering. 

An example of an object fliat has extinction that comprises mat^als that 
can be built and tested in a controlled manner is a set of Sbers of varying thickness. This 
object is shown in Fig. 38. It conq>rises layers of nylon fibers, 0.1 mm thick» tightly 
wound for form layers of fibers. These fibers are then stacked in layers of 0, 1, 2, 4, 6, 
and 8 layers as shown. Examples of rocking curves obtained with die 0 and 8 layers 
were introduced into the DEI system and are shown m Figs. 39 and 40, respectively. Fig. 
41 shows the rocking curves obtained fiom each of &e fiber layers. The intensity loss at 
the rocking curve peak for each of the layers is given in Table 1 . 
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Tablet 





0 Layers 


1 Layer 


2 Layers 


4 Layers 


6 Layers 


8 Layers 


Percent Peak 
Intensity 

COnuaSi 

(compared to 
0 layer data) 


0.0 


-26.4% 


-47.3 


-59.3% 


-63.7% 


-65.4% 


Megiated 

Litensity 

(microiadians) 


3.78 


3.68 


3.74 


3.77 


3.74 


3.64 


Percent 
bitegrated 
Intensity Ratio 
(con^ared to 
0 layer data) 


100% 


97.4% 


99.0% 


99.6% 


99.0% 


96.4% 



This would be the contrast obtained by the presence of the fiber layers in 
an image compared to the background around the fibers. The integrated intensity 
(corrected for tiie measured absorption of the fiber layers) is shown in Table 1 . Note that 
the integrated intensity is within 5% of the no fiber layer showing that the intensity is 
scattered in angle is not absorbed 

The data were fit to the model of Equation 9. The results of that fit are 
shown in Fig. 42. The percent error between the fit and the measmred data was less than 
2% in all cases, the error being measured as the absolute value of difference between the 
measured and calculated values divided by &e measuied values at all points in the 
rocking curve. The extinction value for the fibers at 18 keV was determined to be 67.14 
cm"^ and the width of the Gaussian distribution was found to be 5.08 microradians. 

The contrast obtained by imaging an object between matched perfect 
crystal sets in a parallel geometcy (DEI) can have contributions due to the rejection of 
ultra-small angle scattering as compared to normal radiogr^hy (extinction contrast). The 
narrow reflection curves of these crystals can reject scatter on an angular scale much 
smaller than conventional scatter rejection grids. The appearance and apparent 
importance of this soiurce of contrast has led to detailed measurements and analysis of this 
contrast A simple theoretical model accounts for the conversion of direct beam intensity 
into ultca-small angle scattering described by a Gaussian distribution. This model is 
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compared at two extieme limits of ultra-small angle scattering power represented by a 
weak small angle scatterer (die ACR tumor simulations) and a fabricated small angjie 
scatterer (a nylon fiber object). 

Results indicate that unexpected contrast can be found using the DEI 
technique according to this invention. In addition to determining indq)endently flie 
refraction contrast of an object, it can exhibit contrast from organized stmctures within 
the object. 

Since the ability of the DEI system to resolve refraction angles and reject 
ultra-small angle scattering depends weakly, as opposed to absorption, on the imaging 
energy, it may be optimally applied higher x-ray energies. This is important in all areas of 
radiography especially in the case of medical imaging where absorption based 
radiography must deliver a significant x-ray dose to observe contrast. DEI may be able to 
observe tissue contrast at high x-ray energies from refraction and or extinction without 
significant absorption losses (Le. dose delivery). 

DEI is a significant contribution to radiography and current studies are 
directed to exploring systems of both medical and materials interest 
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WE CLAIM: 

1. In a method for detecting an image of an object, herein an x-ray 
beam is generated, the improvement comprising: 

transmitting the x-ray beam through a soft tissue material and 
emitting from the soft tissue material a transmitted beam; 

directing the transmitted beam at an angle of incidence upon a 

crystal analyzer; and 

detecting an image of flie object from a beam dif&acted from the 
crystal analyzer one of at and near a peak of a rocking curve of the crystal analyzer. 

2. In a method according to Claim 1 wherein the one of at and near 
the peak occurs within approximately one-half of a Darwin width of the rocking curve. 

3. In a metibiod according to Claim 1 wherein the soft tissue material is 
one of a human body tissue and an animal body tissue. 

4. hi a method according to Claim 1 wherem the soft tissue material is 
at least one of cartilage, bone, muscle, tendon, ligament, vascular tissue and other 
coimective tissues. 

5. In a method according to Claim 1 wherein the image is examined 
to determine one of a normal physiologic state, a stmctural state and a pathological state. 

6. In a method according to Claim 1 wherein flie image is exposed on 

a detector. 

7. In a method according to Claim 6 wherein the detector is capable 
of producing a digitized image. 

8. In a me&od according to Claim 6 wherein the detector is a 
radiographic film. ' 
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9. In a mefhod according to Claim 6 wherein the detector is an image 

plate. 

10. a method according to Claim 1 wherein the crystal analyze upon 
which the transmitted beams ate directed is a Bragg type analyzer. * 

11. In a method according to Claim 1 wherein the transmitted beam 
has an energy level in a range of approximately 16 keV to approximately 100 keV. 

12. hi a method according to Claun 1 wherein flie x-ray beam is 
diffracted by a monochromator which is matched in orientation and lattice planes to the 
crystal analyzer. 

13. In a method according to Claim 1 further comprising increasmg a 
relative intensity of the image of the object by adjusting an angular position of the crystal 
analyzer. 

14. Li a method according to Claim 13 wherein the angular position of 
the crystal analyzer is adjusted in steps of approximately 1 microradian increments. 

15. In a method according to Claim 1 wherein the x-iay beam is a 
mono-energetic synchrotron beam. 
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FIG.6 




Moderate Damage 



FIG.8 




Slight Damage 



FIG. 7 




Severe Damage 

FIG. 9 




Undamaged 

FIG. 10 



Slight Damage 
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Undamaged 



FIG. 14 




Moderate Damage 
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Severe Damage 



FIG. 13 




Slight Damage 
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Severe Damage 



FIG. 17 




FIG. 18 



wo 01/79823 PCT/USOl/12414 



6/15 



wo 01/79823 



PCT/USOl/12414 



7/15 



fjj ' 




FIG. 21 



FIG. 22 



30 keV 




FIG.26 



FIG. 23 




FIG. 24 



FIG.25 



# 



wo 01/79823 PCTAJSOl/12414 



8/15 




FIG. 26 FIG. 27 



wo 01/79823 PCT/USOl/12414 



9/15 




FIG.28 




FIG.29 



# 

wo 01/79823 



PCT/nSOl/12414 



10/15 
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X-ray beam fixed on tumor 
simulations - then analyzer is 
rotated In angle 




Tumor Simulations 



FIG. 36 



Tumor Simulations x-ray beam fixed on tumor 

simulations - then analyzer is 



1.0mm rotated in angle 

thick 0.75mm v 




FIG.37 




I 




wo 01/79823 



PCTAJSOl/12414 



15/15 



o 



CO 
CO 

cz 



e ^ 



o 
I 

o o 



o 
o 

I 



8= 

E E 

E E 

o o 
I I 

!> 1^ 

o o 



E E 
E E 

T- oq 



I 



I 



o o. 



CO 00 




8 



oo 
o 



o 



CM 

o 



I 



o I 



CO 

c 
o 

s 

51 



o JS 



a 

c 

o 
o 



Csl 



jO 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the apphcant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 



□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 



REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 



□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 




